Introduction
In cells, actin-filament-based structures control diverse activities such as polarized intracellular trafficking, cytokinesis, migration and adhesion (Mitchison and Cramer, 1996; Vasioukhin et al., 2000) . Although cellular actin turnover is known to be spatially and temporally regulated by signaling cascades, many of the regulatory mechanisms remain to be characterized (Schmidt and Hall, 1998) . Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) proteins localize to regions of dynamic actin remodeling and promote filament formation (Bear and Gertler, 2009; Trichet et al., 2008) . In vertebrates, the evolutionary conserved protein family is comprised of VASP, mammalian Enabled (Mena), and Ena-VASP-like (EVL) (Krause et al., 2003; Kwiatkowski et al., 2003; Sechi and Wehland, 2004) . All three proteins share a conserved structure consisting of an N-terminal Ena/VASP homology (EVH)-1 domain, a central poly-proline region (PPR) and a C-terminal EVH2 domain. Whereas the EVH1 domain mediates binding of Ena/VASP proteins to proline-rich ligands such as vinculin and zyxin (Ball et al., 2000) , the PPR interacts with the actin-binding protein profilin and with Src homology 3 (SH3) domains (Benz et al., 2008; Lambrechts et al., 2000) . Residues in EVH2 bind to G-actin and F-actin (Bachmann et al., 1999) and mediate tetramerization of Ena/VASP proteins (Kuhnel et al., 2004) (Fig. 1) . In cells, Ena/VASP proteins promote F-actin assembly, which involves anti-capping (Barzik et al., 2005; Pasic et al., 2008) , bundling (Applewhite et al., 2007; Bachmann et al., 1999; Kuhnel et al., 2004; Schirenbeck et al., 2006) and anti-branching Skoble et al., 2001) activities.
The mammalian Ena/VASP proteins are known substrates of serine/threonine kinases, and human VASP harbors the three phosphorylation sites serine 157 (S157), serine 239 (S239), and threonine 278 (T278) (Blume et al., 2007; Butt et al., 1994; Gertler et al., 1996; Lambrechts et al., 2000) . Whereas the first two phosphorylation sites are conserved in Mena, EVL contains only the first site (Fig. 1) . In cells, the first and second site in VASP are phosphorylated in order by cAMP-dependent protein kinase (PKA). Conversely, cGMP-dependent protein kinase (PKG) initially phosphorylates the second site and then the first (Butt et al., 1994; Zhuang et al., 2004) . Only recently, AMP-activated protein kinase (AMPK) was identified as the kinase responsible for phosphorylating T278 (Blume et al., 2007) (Fig. 1) . VASP is dephosphorylated by protein phosphatase (PP)-1, PP2A, PP2B and PP2C , resulting in complex and dynamic phosphorylation patterns.
Evidence that phosphorylation might alter specific VASP properties has come from studies of phosphomimetic VASP mutants, which have one or all three phosphorylation sites substituted with acidic amino acids or alanine residues to imitate a permanently phosphorylated or unphosphorylated protein, respectively (Barzik et al., 2005; Geese et al., 2002; Grosse et al., 2003; Harbeck et al., 2000; Loureiro et al., 2002; Smolenski et al., 2000) . Phosphorylation
Proteins of the Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family link signal transduction pathways to actin cytoskeleton dynamics. VASP is substrate of cAMP-dependent, cGMP-dependent and AMP-activated protein kinases that primarily phosphorylate the sites S157, S239 and T278, respectively. Here, we systematically analyzed functions of VASP phosphorylation patterns for actin assembly and subcellular targeting in vivo and compared the phosphorylation effects of Ena/VASP family members. Methods used were the reconstitution of VASP-null cells with 'locked' phosphomimetic VASP mutants, actin polymerization of VASP mutants in vitro and in living cells, site-specific kinase-mediated VASP phosphorylation, and analysis of the endogenous protein with phosphorylation-status-specific antibodies. Phosphorylation at S157 influenced VASP localization, but had a minor impact on F-actin assembly. Phosphorylation of the S157-equivalent site in the Ena/VASP family members Mena and EVL had no effect on the ratio of cellular F-actin to G-actin. By contrast, VASP phosphorylation at S239 (and the equivalent site in Mena) or T278 impaired VASP-driven actin filament formation. The data show that VASP functions are precisely regulated by differential phosphorylation and provide new insights into cytoskeletal control by serine/threonine kinase-dependent signaling pathways.
affects the interaction of VASP with actin; however, the crucial phosphorylation sites and kinases involved are still unclear (Barzik et al., 2005; Harbeck et al., 2000; Laurent et al., 1999; Lindsay et al., 2007) . VASP phosphorylation also modulates other proteinprotein interactions. Whereas S157 phosphorylation abrogates interaction of VASP with the SH3 domains of Abl, nSrc and aIIspectrin (Benz et al., 2008; Lambrechts et al., 2000) , binding of focal adhesion proteins to the EVH1 domain, and of profilin to the PPR, is independent of the VASP phosphorylation status (Ferron et al., 2007; Harbeck et al., 2000) . Additionally, VASP phosphorylation status appears to modulate subcellular protein distribution. It has been postulated that VASP phosphorylation by PKA controls protein targeting to the cell-cell junctions of adherent cells (Benz et al., 2008; Comerford et al., 2002) , but others have shown that PKG activity might control VASP localization (Lindsay et al., 2007; Smolenski et al., 2000) .
In the present study, we analyzed VASP phosphorylation patterns for their impact on subcellular protein localization and actin filament assembly in cells and compared the phosphorylationmediated regulation of VASP, Mena and EVL. We used a systematic strategy, combining phosphomimetic mutants, site-specific kinasemediated phosphorylation and phosphorylation-status-specific antibodies. Our findings demonstrate that S157 phosphorylation controls subcellular VASP distribution, whereas phosphorylations at S239 and T278 impair F-actin accumulation. Similarly, the cellular F-actin to G-actin ratio was independent of the phosphorylation status at the S157 conserved site in Mena and EVL, whereas phosphorylation of the PKG homologous site in Mena interfered with F-actin assembly. This is the first comprehensive study of VASP phosphorylation that links serine/threonine-kinase signaling to F-actin levels in vivo.
Results

Ena/VASP phosphomimetic mutants imitate 'locked' phosphorylation patterns
Human VASP is a substrate for PKA, PKG and AMPK, which phosphorylate residues S157, S239 and T278, respectively. The first two phosphorylation sites are conserved in Mena (S236 and S376 in the murine protein), whereas EVL only contains the first site (S160 in the human protein) (Fig. 1A ,C,E). We generated phosphomimetic Ena/VASP mutants by systematically exchanging phosphorylation sites for acidic amino acids to imitate a constitutively phosphorylated residue. Substitution with alanine arrested the remaining phosphorylation sites into a nonphosphorylated state. For VASP, constructs were denominated with a three-letter code according to the amino acids at positions 157, 239 and 278 (using A, alanine; D, aspartic acid; E, glutamic acid). For example, DAA is a VASP mutant bearing substitutions S157D, S239A and T278A. The phosphomimetic mutants covered all VASP Fig. 1 . Arrested phosphomimetic Ena/VASP mutants. (A)Domain organization and phosphorylation sites of N-terminally 6ϫHis-tagged human wild-type VASP (wt) and phosphomimetic VASP mutants. VASP is composed of an N-terminal EVH1 domain, a PPR and a C-terminal EVH2 domain. The black square with white 'T' indicates the tag. PKA phosphorylates S157 (box shaded with horizontal lines) and S239 in order; S239 (box shaded with diagonal lines) is the primary target for PKG, which might also phosphorylate S157. T278 (box shaded with squares) is exclusively phosphorylated by AMPK. Phosphorylation sites were substituted with alanines (black boxes) or acidic residues (light boxes). Sites for G-actin binding (GAB, residues 234-237) and F-actin binding (FAB, residues 259-276), are located upstream of the preferred PKG and AMPK phosphorylation sites, respectively. The preferred PKA phosphorylation site is located upstream of the PPR. (B)Western blot with anti-6ϫHis antibodies to confirm expression in EC_VASP -/-cells transiently transfected with cDNAs coding for VASP, arrested phosphomimetic mutants or vector without insert (MOCK). (C)Domain organization and phosphorylation sites of N-terminally 6ϫHis-tagged murine wild-type Mena and phosphomimetic Mena mutants. LERER indicates the low complexity region harboring LERER repeats. Mena S236 and S376 correspond to VASP S157 and S239, respectively. Shading as for VASP. (D)Western blot with anti-6ϫHis antibodies shows expression of wild-type and mutant Mena. (E)Domain organization and phosphorylation sites of Nterminally 6ϫHis-tagged human wild-type EVL and phosphomimetic EVL mutants. EVL phosphorylation site S160 corresponds to VASP S157. (D)Western blot with anti-6ϫHis antibodies confirms expression of wild-type EVL and arrested phosphomimetic mutants A and D. Note that (pseudo)phosphorylation at the first phosphorylation site leads to a mobility shift in SDS-PAGE of all mammalian Ena/VASP proteins. phosphorylation patterns ranging from non-phosphorylated (AAA), single-phosphorylated (DAA, ADA, AAE), double-phosphorylated (DDA, DAE, ADE), up to triple-phosphorylated (DDE) proteins, each in a fixed state of phosphorylation (Fig. 1A) . Mena and EVL constructs were named accordingly, using a two-or one-letter code for Mena or EVL, respectively (Fig. 1C,E) .
It was previously shown that phosphorylation of VASP at S157, but not S239 or T278, leads to an electrophoretic mobility shift from 46 to 50 kDa in SDS PAGE (Butt et al., 1994; Krause et al., 2003; Kwiatkowski et al., 2003) . We transfected microvascular endothelial cells from VASP-null mice (EC_VASP -/-) with cDNAs coding for phosphomimetic mutants or wild-type protein and analyzed the migration of VASP variants by western blotting. Hexahistidine-tag-specific antibodies detected the characteristic doublet of S157 phosphorylated and non-phosphorylated wild-type VASP (Fig. 1B, lane 1) . Phosphomimetic mutants with a negative charge substitution at position 157 (DDE, DDA, DAE, DAA; Fig.  1B , lanes 6-9) migrated with a higher apparent molecular mass (49-50 kDa) compared with mutants with alanine at this position (46 kDa; AAA, ADA, AAE, ADE; Fig. 1B , lanes 2-5). Similar to the phosphorylation of S239 and/or T278 in wild-type VASP (Blume et al., 2007) , the migration of VASP mutants was not altered by the presence of acidic residues at the second or third phosphorylation site. Phosphorylation of Mena and EVL at their first phosphorylation sites also leads to a small shift in apparent molecular mass in SDSJournal of Cell Science 122 (21) PAGE (Gertler et al., 1996; Lambrechts et al., 2000) . Phosphomimetic Mena and EVL mutants with an aspartic acid at the first phosphorylation site (Mena: DD and DA; EVL: D), migrated with a slightly higher apparent molecular mass than corresponding mutants with alanine at this position (Mena: AA and AD; EVL: A) ( Fig. 1D and F) . Expression levels of all Ena/VASP mutants were largely independent of the point mutations, as indicated by signal intensities in the western blots.
VASP targeting to the endothelial plasma membrane and focal adhesions depends on S157 phosphorylation
To analyze the impact of S157 phosphorylation on the localization of endogenous VASP, microvascular endothelial cells from VASP wild-type mice (EC_VASP +/+ ) were treated with the PKA activator forskolin (5 M) or buffer control. Forskolin increased S157 phosphorylation, as indicated by phospho-S157 (S157-P; also known as pS157)-VASP-specific antibodies ( Fig. 2A , upper panel; S157-P) and anti-VASP antibodies (Fig 2A, middle panel; S157-P-VASP is the upper and S157-VASP the lower signal of the doublet) in western blotting. We compared the localization of total-VASP and S157-P-VASP in buffer- (Fig. 2B-D ) and forskolin-treated EC_VASP +/+ ( Fig. 2E-G) . In unstimulated cells, total-VASP ( Fig. 2B ) predominantly localized to stress fibers (black arrowheads) and small portions of total cellular protein enriched at punctuated structures, probably representing focal adhesions (black arrows). VASP at focal adhesions was strongly S157-phosphorylated and readily stained by phosphorylation-specific antibodies (Fig. 2C, black arrows) . Both antigens co-localized at these sites (Fig. 2D) . PKA-stimulation largely increased S157-P signal intensity and substantially changed the subcellular VASP distribution. Following a 10 minute forskolin treatment, total-VASP disappeared from stress fibers (compare total-VASP staining in stimulated versus unstimulated cells) and localized to focal adhesions (black arrows) and the plasma membrane (white arrowheads, Fig. 2E ). VASP at these sites was S157-phosphorylated ( Fig. 2F,G) .
In addition to S157, PKA activation might also phosphorylate S239 and T278 (Butt et al., 1994) or modulate VASP localization by other pathways. Therefore, we confirmed the contribution of S157 phosphorylation to subcellular VASP targeting with a kinase-independent approach. VASP-deficient endothelial cells (EC_VASP -/-) were reconstituted with phosphomimetic mutants. Except for VASP protein levels, EC_VASP -/-are indistinguishable from EC_VASP +/+ and have similar Mena and EVL expression (Fig. 2H) .
To analyze localization of phosphomimetic VASP mutants in EC_VASP -/-, cells were transiently transfected with cDNAs coding for the eight VASP mutants AAA (Fig. 3A-C) , DAA ( Fig. 3D-F) , ADA ( Fig. 3G-I Fig. 3S-U) , and DDE ( Fig. 3V-X) . At 24 hours after transfection, cells were trypsinized and replated for 3 hours before fixing. Polyclonal anti-VASP antibodies were used for visualizing phosphomimetic mutants (green) and fluorescent phalloidin to stain for F-actin (red). For a semi-quantitative analysis of pseudophosphorylation-mediated VASP localization, two independent investigators determined the localization of mutants at the leading edge of lamellipodia or the accumulation at focal adhesions. VASP accumulation at these sites was scored weak (-), moderate (o) or strong (+) in >40 cells with mutant expression levels similar to endogenous VASP in EC_VASP +/+ ( Table 1) . The VASP accumulation score was consistent with the length ratio of VASP-positive leading edges relative to the cell circumference. Mutants DAA, DDA, DAE and DDE (which share a negative charge at the first site) were largely enriched at the leading edge of lamellipodia-like structures as compared with corresponding mutants with an alanine at this specific position (compare DAA vs AAA, DDA vs ADA, DAE vs AAE, and DDE vs ADE; Table  1 and Fig. 3, arrowheads ). An acidic residue at position S157 also accumulated phosphomimetic mutants at focal-adhesion-like structures (compare DAA vs AAA, DDA vs ADA and DAE vs AAE; Table 1 ) and increased the number and size of focal adhesions.
In cells, VASP forms homotetramers but might also form heterotetramers with Mena and EVL (Bachmann et al., 1999; Grosse et al., 2003; Kuhnel et al., 2004; Loureiro et al., 2002; Vasioukhin et al., 2000; Zhuang et al., 2004) . To exclude the possibility that tetramerization of transfected VASP mutants with 
In EC_VASP -/-cells, subcellular localization of transiently expressed VASP mutants at the leading edge of lamellipodia and focal adhesions was scored as weak (-), moderate (o), or strong (+). 40 cells each with mutant expression levels similar to endogenous VASP in EC_VASP -/-were randomly selected and analyzed. endogenous Mena and EVL in EC_VASP -/-(see expression of these family members in Fig. 2H ) might modulate its localization, we analyzed the subcellular distribution of VASP mutants in MV D7 cells. MV D7 is a fibroblastic cell line derived from Mena/VASP double-gene-deficient mice, which expresses only trace amounts of EVL . MV D7 cells were transfected with phosphomimetic mutants, stained for VASP and actin as described for EC_VASP -/-, and mutant protein localization to lamellipodia or focal adhesions was scored 2 hours after attachment and spreading. Pseudophosphorylation of position 157 increased mutant localization at lamellipodia and focal-adhesion-like structures (Table 2 and Fig. 4 ; arrowheads indicate lamellipodia), with the exception of mutants AAA and DAA that were similarly enriched at lamellipodia. Localization of phosphomimetic VASP mutants was similar in MV D7 and EC_VASP -/-; however, the effect of pseudophosphorylation at position 157 on lamellipodia targeting was less pronounced in MV D7 than in EC_VASP -/-(e.g. compare ADA and DDA in Tables 1 and 2 ). In EC_VASP -/-, mutant localization was largely independent of the phosphorylation status at the second and third sites, whereas pseudophosphorylation at these sites enhanced lamellipodia enrichment in spreading MV D7 cells (compare AAA vs DAA and ADE vs DDE in Tables 1 and  2 ), suggesting that cell-type-or cell-state-specific fine tuning of VASP localizations might exist. Together, immunolocalization of mutant and endogenous VASP indicate that (pseudo)phosphorylation of S157 enhances VASP targeting to lamellipodia and focal adhesions.
Journal of Cell Science 122 (21)
VASP pseudophosphorylation at S239 and T278 but not at S157 impairs VASP-driven F-actin accumulation in vitro Previous studies indicated that phosphorylation interferes with VASP-driven actin polymerization in vitro (Barzik et al., 2005; Harbeck et al., 2000) . To analyze all phosphorylation patterns systematically for their impact on F-actin assembly, we expressed the VASP pseudophosphorylation mutants in Escherichia coli and tested the purified proteins (Fig. 5A , inset) using in vitro actin polymerization assays. VASP does not initiate actin polymerization de novo under physiological salt conditions; however, in low salt, VASP interaction with actin can be used to measure actin nucleation (Barzik et al., 2005; Bear and Gertler, 2009 ). Monomeric actin (1 M, 10% pyrene-labeled) was mixed with VASP (or VASP mutant, 0.25 M each), and actin polymerization followed by an increase in pyrene fluorescence (Kouyama and Mihashi, 1981) . In the absence of VASP, actin polymerization was slow, as indicated by a long lag phase and flat growth phase. A steady-state level of actin polymerization was not reached within 9 minutes ( Fig. 5A ; yellow curve, Actin). Addition of wild-type VASP or any of the phosphomimetic VASP mutants drastically increased actin polymerization, as indicated by a reduced lag phase and steep growth phase. For wild-type VASP, steady-state levels were reached in less than 1 minute, and the amount of F-actin at 1 and 9 minutes was 5.5-and twofold higher than in the absence of VASP, respectively ( Fig. 5A ; red curve, WT). Mutants AAA and DAA ( Fig. 5A ; green and magenta curves) enhanced actin polymerization to a similar extent as wild-type VASP, which is not serine/threonine- phosphorylated in E. coli (Blume et al., 2007) . Mutants AAE, ADA, DAE and DDA were less effective in actin polymerization and the F-actin amount at 1 and 9 minutes was about 4.5-and 1.4-fold higher than without VASP, respectively ( Fig. 5A ; brown, cyan, light grey, and purple curves, respectively). Consistent with previous data (Harbeck et al., 2000) , inhibition of actin polymerization conferred by pseudophosphorylation at the second site slightly exceeded inhibitory effects due to a negative charge at third site (ADA versus AAE and DDA versus DAE). In the assay, VASP mutants ADE and DDE displayed the lowest actin polymerization rates, and fluorescence was 3.5-fold higher than without VASP at 1 minute and almost identical to reactions without VASP at 9 minutes ( Fig. 5A ; black and grey curves, respectively). Together, the results support prior studies that analyzed the effects of VASP phosphorylation or pseudophosphorylation on F-actin levels in vitro (Barzik et al., 2005; Harbeck et al., 2000) .
VASP pseudophosphorylation at positions 239 and 278 regulates global cellular F-actin content
To address the effect of VASP phosphorylation patterns systematically on F-actin accumulation in intact cells, we performed a serum response factor (SRF) transcriptional reporter assay (Fig.  5B) . The assay quantifies the ratio of G-actin to F-actin by stimulation of SRF. This factor binds to the serum response element (SRE) and increases SRE-dependent expression of a luciferase reporter gene (Sotiropoulos et al., 1999) . Therefore, the established reporter assay is a useful tool for quantifying the effects of actinbinding proteins of the Rho kinases (ROCK)-Lim kinase (LIMK)-cofilin pathway and to monitor filament assembly in living cells (Maekawa et al., 1999; Sotiropoulos et al., 1999) . Transient VASP overexpression has been shown to induce F-actin assembly and SRE-driven luciferase activity (Grosse et al., 2003) . We consistently found that the normalized luciferase activity of HEK293 cells overexpressing VASP mutants was markedly elevated over mocktransfected cells (control, set to 0%). Luciferase activity was maximal in AAA-transfected cells (set to 100%) and reached similar values in cells overexpressing DAA (98%; Fig. 5B ). The activity of cells expressing DDA, ADA, DAE or AAE was significantly lower, ranging from 61 to 71%. Within this group, the SRE activity of mutants having a single negative charge at position 239 or 278 was not significantly different. Introducing a second negative charge at the second or third site further reduced F-actin formation, and SRE activity was minimal for the DDE and ADE mutants (39 Fig. 5 . VASP pseudophosphorylation at S239 and T278 but not at S157 impairs VASP-driven actin polymerization in vitro and in living cells. (A)In vitro actin polymerization driven by phosphomimetic VASP mutants. Pyrenelabeled G-actin (1M) was mixed with 0.25M purified recombinant wildtype (WT) or mutant VASP and the increase in fluorescence followed for 9 minutes. The curve labeled 'Actin' represents a reaction without VASP. A representative experiment of a series of five is shown. The inset shows a Coomassie-stained gel of purified wild-type and mutant VASP. A molecular mass standard is given on the left; 1 and 3g BSA per lane serves to calibrate the protein load. Acidic substitution at position 157 leads to a mobility shift of the constructs in SDS-PAGE. (B)SRE assay of HEK293 cells overexpressing phosphomimetic VASP mutants. Normalized luciferase activity in cells transfected with AAA or empty vector (MOCK) were assigned values of 100% and 0%, respectively. The normalized luciferase activity of the phosphomimetic mutants was grouped into three classes: black, grey and white bars corresponding to 0, 1 and 2 negative charges at either the second (S239) or third (T278) phosphorylation site, respectively. Bars represent the mean ± s.d. (n9; ANOVA, **P<0.01, ***P<0.001). and 34%, respectively; Fig. 5B ). SRE activity driven by wild-type VASP varied from 49 to 81%, probably reflecting various nondefined phosphorylation patterns.
To confirm the effects of phosphorylation on F-actin assembly, we used quantitative fluorescence-activated cell sorting (FACS) (Fig. 6) . The mean F-actin content of the cells expressing VASP mutants was measured relative to mock-transfected controls (0% value). The signal of the F-actin-specific dye, Alexa-Fluor-647-conjugated phalloidin, was normalized to the F-actin in HEK293 cells expressing the phosphorylation-resistant AAA mutant (100%). Overexpression of mutants DDA, ADA, DAE or AAE (which have a single negative charge either at position 239 or at 278) reduced the cellular F-actin amount to 60, 63, 61 and 68%, respectively; whereas DAA expression had a minor effect on actin fiber formation (97%). A second negative charge at positions 239 or 278 reduced F-actin formation to 44 and 47% (DDE, ADE; Fig. 6A ). The Factin signals in cells expressing DDE or ADE were almost identical (Fig. 6B, upper plot) , but they differed in cells expressing ADE or AAA (Fig. 6B, lower plot) . Together with the results from the pyrene-actin and SRE assays (Fig. 5A,B ), the data demonstrate that pseudophosphorylation at positions 239 or 278 interferes with VASP-induced actin filament nucleation in vitro and F-actin accumulation in living cells, and that the inhibitory effects are additive and maximal in the 239/278 double-pseudophosphorylated mutants.
Pseudophosphorylation of Mena S376, but not Mena S236 or EVL S160, reduces F-actin levels in vivo VASP pseudophosphorylations at the second and third site interferes with actin filament assembly in living cells (Fig. 5B,  Fig. 6 ). Only the second site is conserved in Mena (S376), and EVL lacks equivalents to both sites (Krause et al., 2003) (Fig.  1) . We investigated the function of Mena pseudophosphorylation for actin assembly using the SRE-reporter assay (Fig. 7A) . Transient transfection only slightly increased the high endogenous Mena protein levels in HEK293 cells and degradation products appeared in overexpressing cells (supplementary material Fig.  S1A ). Therefore, we established the SRE assay in adherent CHO-S cells (Suzuki et al., 2006) , which have no detectable endogenous Mena and allow high transient protein expression levels (supplementary material Fig. S1B ). Normalized luciferase activity of CHO-S cells that overexpressed mutant Mena was markedly elevated over mock-transfected cells (control, set to 0%). Luciferase activity was maximal in mutant AA-transfected cells (set to 100%) and reached similar values in cells overexpressing DA variant (96%; Fig. 7A ). The activity of cells expressing mutants AD and DD, which have a negative charge at the 376 position, was significantly lower and reached 39 and 38%, respectively. Luciferase activity induced by EVL A mutant (set to 100%) in HEK293 cells clearly exceeded levels of mocktransfected cells (control, set to 0%) and was almost identical to EVL D variant (99%; Fig. 7B ).
S157 phosphorylation does not affect global cellular F-actin content
The previous findings in this study suggest that the pseudophosphorylation status of S157 is important for VASP localization in spreading cells but does not affect overall F-actin content. By contrast, pseudophosphorylation at positions 239 or 278 inhibits the VASP-dependent F-actin accumulation, but has a minor impact on subcellular targeting. To test this for kinase-
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mediated VASP phosphorylation, we used partially arrested mutants SAA, ASA and AAT (Fig. 8A) . The mutants restrict phosphorylation to the first, second or third site, respectively, with the other sites blocked from phosphorylation. Using unstimulated reconstituted EC_VASP -/-cells, mutant SAA but not ASA or AAT migrated as a doublet in SDS-PAGE, indicating that S157 phosphorylation is blocked in ASA and AAT but partially phosphorylated in SAA (Fig. 8B) . To investigate the consequences of PKA-mediated S157 phosphorylation on F-actin assembly, we used the SRE-based reporter assay (Fig. 8C) . Overexpression of SAA induced F-actin assembly in unstimulated HEK293 cells (102%), similar to the level observed in AAA-transfected cells. By contrast, overexpression of ADE reduced the signal to 33% (positive control). Treatment of SAA-transfected cells with forskolin (5 M) largely increased S157 phosphorylation, which was almost undetectable in unstimulated cells, as shown by S157-P-specific antibodies (Fig. 8D, upper panel) . The relative signal intensities of the SAA doublet indicated that more than 75% of total SAA protein was phosphorylated at S157 (Fig. 8D , lower panel, anti-VASP). However, luciferase activity was not significantly changed by PKA stimulation for up to 80 minutes (99-107% versus 102%, n.s.; Fig. 8C ), which was consistent with cells expressing DAA (98%). Higher forskolin concentrations or alternative PKA-activators, such as 8-Br-cAMP, did not affect SRE signals (not shown). Together, these results strongly suggest that PKA-mediated VASP S157 phosphorylation does not affect global F-actin content in cells.
Phosphorylation at S239 and T278 impairs cellular F-actin accumulation in vivo
Next, we analyzed the effects of PKG-mediated VASP phosphorylation using SRE assays in HEK293 cells (Fig. 8E,F) . In the absence of transfected PKG, the luciferase activity of cells expressing ADA and ADE served as a reference value and internal control, respectively (69 and 35% relative to the SRE signals of cells expressing AAA, set to 100%). Mutant ASA, with phosphorylation restricted to position 239, was co-transfected with plasmids coding for wild-type (PKG wt ) or a catalytically inactive forms (PKG CI ) of PKG. Kinase activity was abolished in PKG CI by an A405K substitution (Smolenski et al., 2000) . Western blotting with S239-P-specific antibodies revealed that coexpression of PKG wt increased ASA phosphorylation in a dosedependent manner concomitant with a significant decrease in luciferase activity to 61%, compared to ASA without PKG (101%). By contrast, co-expression of PKG CI and ASA increased SRE signals slightly, but not significantly (103 and 110% of AAA; Fig. 8E ) in transfected cells. To address the function of AMPKmediated phosphorylation at residue T278 in F-actin formation, we co-expressed mutant AAT with either a constitutively active (AMPK CAa ) or a dominant negative (AMPK DNa ) form of the AMPK a1-subunit (Fig. 8G,H) . Consistent with basal phospho-T278 (T278-P; also known as pT278)-VASP levels in endothelial cells (Blume et al., 2007) , T278-P-specific anti-VASP antibodies detected T278-phosphorylated AAT mutants in the absence of transfected AMPK (Fig. 8H, upper panel, lane 1) . The luciferase activity in these cells was slightly lower than in AAA controls (92 versus 100%). The co-expression of increasing amounts of AMPK CAa with AAT increased T278-P-levels and reduced SRE signals down to 61% in a dose-dependent manner, which was similar to the reduction observed in cells expressing AAE (62%, comparative value). By contrast, a reduction of T278-P levels by AMPK DNa expression increased SRE signals up to 133% in a dosedependent manner. The data is consistent with the results obtained with the phosphomimetic mutants and demonstrates that phosphorylation at S239 and T278 interferes with global F-actin assembly in cells.
Discussion
Originally, VASP was identified in platelets as a substrate for cyclicnucleotide-dependent protein kinases PKA and PKG (Halbrugge et al., 1990) . Its strategic localization at the intersection of important kinase-driven signaling cascades established phospho-VASP as a marker for the integrity of cyclic-nucleotide-dependent pathways in cardiovascular cells. Today, analysis of phospho-VASP levels in platelets is used in clinical diagnostics (reviewed in Munzel et al., 2003; Gachet and Aleil, 2008) . Despite its importance, the cellular function and complexity of VASP phosphorylation has remained uncertain.
VASP is a substrate of the protein kinases PKA, PKG and AMPK that primarily phosphorylate the sites S157, S239 and T278, respectively. Whereas the first two phosphorylation sites are conserved in Mena, EVL contains only the first site. In vitro studies have suggested that PKA-mediated VASP phosphorylation has a negative effect on both actin nucleation/G-actin binding and VASP interaction with actin filaments (Harbeck et al., 2000) . In order to clarify underlying molecular mechanisms, we analyzed all VASP phosphorylation patterns systematically for their impact on actin filament assembly and subcellular protein targeting and compared phosphorylation-mediated effects of Ena/VASP family members. The study correlates defined VASP phosphorylation patterns with distinct functions in endothelial and HEK293 cells. The phospho-VASP-mediated regulation of actin dynamics appears to be of general importance and has been observed in endothelial cells (Benz et al., 2008; Price and Brindle, 2000; Rentsendorj et al., 2008; Rosenberger et al., 2007) , leukocytes (Lawrence and Pryzwansky, 2001) , platelets and fibroblasts (Grosse et al., 2003) , and in glioma (Zhuang et al., 2004) , smooth muscle ) and epithelial cells (Lindsay et al., 2007) .
One of our key findings is that subcellular VASP localization is predominantly regulated by S157 phosphorylation in spreading endothelial cells. In the endothelium, VASP is involved in sealing cell-cell contacts and permeability regulation (Benz et al., 2008; Furman et al., 2007; Rentsendorj et al., 2008; Rosenberger et al., 2007; Schlegel et al., 2008 ). S157-P or pseudophosphorylated VASP was enriched at lamellipodia and focal adhesions in spreading cells (Figs 2, 3 and Table 1 ). The activation of PKA has been shown to increase S157 phosphorylation and to regulate VASP accumulation at the cell periphery in human (Comerford et al., 2002) and murine microvascular endothelial cells (Benz et al., 2008) . The PKAmediated phosphorylation of S157 blocks VASP binding to the SH3 domains of Abl (Howe et al., 2002) , Src and aII-spectrin (Benz et al., 2008) ; interferes with complex formation; and coincides with S157-P-VASP accumulation at sites of high actin dynamics at the cell periphery. S157-P-VASP concentration in the cell periphery is also observed in platelets (Wentworth et al., 2006) , in part due to PKC-mediated VASP phosphorylation . In addition to S157-P, previous studies have suggested a role of S239 phosphorylation for VASP localization. Thrombin-induced phosphorylation of AST, but not SAT, resulted in the translocation of VASP to the cell periphery in human umbilical vein endothelial cells (HUVEC) (Profirovic et al., 2005) . By contrast, the stimulation of VASP S239 phosphorylation in the same cell line was shown to detach the protein from focal adhesions and to translocate it in the opposite direction, from the cell periphery to the cytosol (Smolenski Journal of Cell Science 122 (21) et al., 2000). The two studies used different experimental conditions, making the results difficult to compare. Localization of our phosphomimetic mutants indicates that the phosphorylation of S239 and T278 has a minor effect on the subcellular distribution of VASP in endothelial cells (Fig. 3 and Table 1 ). However, cell-type-specific regulation of Ena/VASP proteins might exist because the phosphorylation status of S239 modulates VASP localization in renal epithelial cells in NO-dependent signaling pathways (Lindsay et al., 2007) . Importantly, phosphorylation at S239 and T278 has significant effects on VASP interaction with G-and F-actin (Barzik et al., 2005; Harbeck et al., 2000) as well as on the ability of VASP to bind the chemotactic receptor CXCR2 (Neel et al., 2009) .
We also analyzed VASP mutants in Ena/VASP-deficient fibroblasts and consistently found that mutant subcellular localization depends on the pseudophosphorylation status of S157 (MV D7 ; Fig. 4 and Table 2 ). The localization of Mena mutants appeared to be independent of their pseudophosphorylation status in this cell line ; however, the cells were analyzed under steady-state conditions rather than in spreading cells as in the current studies. MV D7 cells do not make filopodia and lamellipodia robustly once they are spread (Applewhite et al., 2007) , and localization of actin-binding proteins might differ depending on the cytoskeleton turnover rate. Indeed, localization patterns of all phosphomimetic VASP mutants in MV D7 cells that were allowed to spread for 24 hours were indistinguishable (not shown), consistent with the previous literature .
In contrast to its role in subcellular targeting, VASP S157 phosphorylation had a minor impact on global cellular F-actin content (Fig. 5B, Figs 6 and 8) , although this site might play an important role in regulating F-actin assembly at the plasma membrane (e.g. in lamellipodia or filopodia) or focal adhesions. The phosphorylation-independent recruitment of profilin-G-actin complexes (Harbeck et al., 2000; Reinhard et al., 1995) might explain the increased F-actin formation in cells expressing DDE or ADE as compared to mock-transfected cells, and the similar activities of DAA versus AAA and DDE versus ADE in the SRE and FACS assays (Fig. 5B and Fig. 6 ). In agreement with VASP S157 phosphorylation, phosphomimetic substitution of the conserved PKA site in Mena (S236) and EVL (S160) had minor effects on cellular F-actin content (Fig. 7) .
Phosphorylation and phosphomimetic substitution of S239 and T278 synergistically impaired VASP-driven actin assembly in vitro (Fig. 5A ) and in living cells (Fig. 5B, Fig. 6, Fig. 8E,G) . Supporting the inhibitory role of S239-and T278-phosphorylation in VASPdriven actin assembly, Barzik and colleagues (Barzik et al., 2005) demonstrated that PKA-mediated phosphorylation of SAT or SSA reduced VASP-driven actin assembly. In their actin polymerization assay, the inhibitory effects on VASP anti-capping activity conferred by the phosphorylated VASP mutants were similar, suggesting that phosphorylation at S239 and T278 blocks VASP-driven actin assembly to a similar extent. In the presence of barbed-end capping proteins, blocking S157 phosphorylation did not affect phospho-VASP-regulated actin assembly. Together, the data suggest that phosphorylation at S239 and T278 decreases VASP anti-capping and F-actin bundling activity and impairs phospho-VASP-driven actin polymerization in vitro (Barzik et al., 2005) . Notably, the S239 site is adjacent to the VASP G-actin binding site (residues 234-237), whereas T278 is adjacent to the F-actin binding site (residues 259-276) (Bachmann et al., 1999) . Because actin filaments are negatively charged, VASP phosphorylation and phosphomimetic substitutions impair its ability to bind actin and cause a reduction in VASP-driven actin filament assembly (Barzik et al., 2005) , supporting our pyrene-actin, FACS and SRE-based data (Figs 5, 6 and 8) . Consistently, pseudophosphorylation at the VASP S239 homologous site in Mena (S376) impaired F-actin accumulation (Fig. 7) .
For fibroblast motility, the Mena phosphorylation status at the first site (S236; equivalent to S157 in VASP) is crucial. Though a phosphorylation-resistant Mena mutant (S236A) co-localized with wild-type protein, the mutant failed to rescue the hypermotile phenotype of MV D7 cells . By contrast, the inhibition of phosphorylation at the second site (S376A), which is preferred by PKG, restored the motility similar to that of transfected wild-type Mena, arguing against a role of PKG activity in phosphoMena-driven actin-based processes, at least in the absence of more global regulation . It has been shown that Drosophila Ena, which lacks an equivalent to S157-VASP (Gertler et al., 1996) , localizes properly but fails to complement the motility phenotype of VASP/Mena-null fibroblasts. However, findings from cell-motility models do not necessarily reflect the results from SREbased systems. Interestingly, AMPK-mediated phosphorylation at T278-VASP is unique to the Ena/VASP protein family (Blume et al., 2007) , allowing a more complex regulation of VASP than of Ena and Mena/EVL (Han et al., 2002) .
In this study we focused on the three VASP phosphorylation sites S157, S239 and T278, which were originally identified by 32 Ppeptide analysis of PKA-phosphorylated purified VASP (Butt et al., 1994) . While this study was in progress, proteomic high-throughput screenings identified nine novel phosphorylation sites in VASP (Dephoure et al., 2008; Rikova et al., 2007; Zahedi et al., 2008) that might modify VASP functions. This is reminiscent of cortactin, another actin-binding protein, for which proteomic and transcriptomic analyses identified new serine/threonine phosphorylations and acetylations. Some of these sites are located within the F-actin-binding region of cortactin and, at least for acetylations, regulate interaction of the protein with actin filaments (Martin et al., 2006; Zhang et al., 2007) . In VASP, the novel phosphorylation sites are located in the EVH1 domain (Y16 and Y39) and are clustered upstream of the tetramerization motif (residues 336-380) in the EVH2 domain (T316, S322, S323, S324, T327, T328, T335). Whether these sites are dynamically phosphorylated, and whether these phosphorylations regulate VASP functions, remains to be shown.
In summary, we have shown how VASP phosphorylation regulates VASP-driven actin filament formation and subcellular targeting of the protein in vivo. The PKG-and AMPK-mediated phosphorylation of VASP-S239 and VASP-T278, respectively, synergistically interferes with F-actin accumulation but has a minor impact on subcellular targeting. Only the PKG site is conserved in Mena, and phosphorylation at this position impairs Mena-driven actin-filament assembly. By contrast, the PKA site is conserved among all mammalian Ena/VASP family members (VASP S157, Mena S236 and EVL S160) and phosphorylation at this site does not affect Ena/VASP-driven F-actin assembly, but favors VASP localization to focal adhesions and lamellipodia as cells spread. Therefore, this study characterizes mechanisms by which Ena/VASP proteins connect serine/threonine-kinase signaling cascades with the actin cytoskeleton.
Materials and Methods
Plasmids and transfection experiments
The hexahistidine (6ϫHis)-tagged Ena/VASP mutants were generated by sitedirected mutagenesis using the QuikChange Multi kit (Stratagene) and designated with: (i) three capital letters representing the residues at positions 157, 239 and 278 in the human VASP protein in one-letter amino acid code; (ii) two capital letters representing the residues at positions 236 and 376 in the murine Mena protein; (iii) one capital letter representing the residue at position 160 in the human EVL protein.
For example, VASP mutant AAE has the three mutations S157A, S239A and T278E. Point mutations were introduced using Ena/VASP cDNA in pcDNA3 vector (Invitrogen) and adequate primers (supplementary material Table 1 ). Wild-type and catalytically inactive (CI) forms of human PKGI (Sandberg et al., 1989) and myctagged constitutively active (CAa), dominant negative (DNa), or wild-type (wta) forms of the AMPK a1-subunit were used as previously described (Blume et al., 2007; Woods et al., 2000) . CAa is a truncated form of the wild-type aI-subunit (amino acids 1-312) containing a T172D mutation that mimics phosphorylation. Phosphorylation of T172 of the aI-subunit is essential for enzyme activity.
Cell culture
Immortalized endothelial cells from wild-type (EC_VASP +/+ ) and VASP-deficient (EC_VASP -/-) mice backcrossed into the C57BL/6 background for more than eight generations, were generated and cultured as previously described (Schlegel et al., 2008) . Culture and transfection of HEK293 cells was carried out as described (Renne et al., 1999; Renne et al., 2005) . CHO-S cells were kindly provided by Stephan M. Feller (Weatherall Institute of Molecular Medicine, University of Oxford, Oxford, UK). Adherent cultures were grown in DMEM/Ham F12 supplemented with 10% fetal calf serum. MV D7 cells were cultured as described (Applewhite et al., 2007) .
Western blotting
To analyze VASP phosphorylation, stimulated cells were immediately lysed in SDSsample buffer, proteins were separated by 8% SDS-PAGE under reducing conditions, and electrotransferred to a nitrocellulose membrane (Schleicher and Schüll, Dassel, Germany). Blots were probed using antibodies against 6ϫHis-tag (Calbiochem), total-VASP (M4, Immunoglobe), S157-P-VASP (5C6, Nanotools; identical with 3111, CellSignaling Technology), S157-P-VASP (16C2, Nanotools), or T278-P-VASP (Blume et al., 2007) in 4% skimmed milk in PBS supplemented with 0.1% Tween-20, followed by horseradish-peroxidase-conjugated secondary antibodies (Dako) and chemiluminescence substrate solution (ECL Plus, Amersham Pharmacia Biotech). Expression of Mena and EVL was probed by 6ϫHis-tag-or polyclonal Mena-or EVL-specific antibodies (Lambrechts et al., 2000) . The expression of PKG variants was probed using antibodies against PKG (Smolenski et al., 2000) ; AMPK variants were probed by myc-tag-specific antibodies (Santa Cruz Biotechnology).
Immunocytochemistry
To localize VASP mutants in reconstituted EC_VASP -/-, cells were cultivated in gelatinized six-well plates to 90% confluence and transiently transfected with Lipofectamine 2000 (Invitrogen). After 24 hours, cells were trypsinized, replated on gelatinized two-well chamberslides (Nunc) and cultured for an additional 3 hours. To analyze phosphorylation of endogenous VASP, sparse EC_VASP +/+ were incubated with 5 M forskolin for 10 minutes (Benz et al., 2008; Blume et al., 2007) . All cells were washed with PBS, immediately fixed with ice-cold 4% paraformaldehyde in PBS for 5 minutes, permeabilized with 0.1% Triton X100 in PBS for 20 minutes, and blocked in 10% goat serum in PBS for 1 hour. The sections were incubated overnight with primary antibodies against total-VASP (M4), and S157-P-VASP (5C6), followed by secondary anti-mouse and anti-rabbit antibodies conjugated to Alexa Fluor 488 or 594 (Molecular Probes) for 1 hour. All antibody incubations were performed in 10% goat serum in PBS at room temperature. Note that the occasional nuclear staining of anti-VASP has been previously described (Benz et al., 2008; Moeller et al., 2004) and most probably represents a fixation artefact. For immunolocalization of VASP mutants in MV D7 , cells were transfected with Lipofectamine 2000, trypsinized after 24 hours, and replated on fibronectin-coated chamberslides for additional 2 hours before fixing and staining as detailed above. Stained sections were investigated using a NIKON Eclipse E600 microscope equipped with a C1 confocal scanning head and 100ϫ oil immersion objective. Images were acquired and prepared for presentation using the EZ-C1 software (Nikon, version 3.00). In EC_VASP -/-and MV
D7
, subcellular localization of transiently expressed VASP mutants to the leading edge of lamellipodia and focal adhesions was scored by visual inspection as weak (-), moderate (o), or strong (+). For each of the eight phosphomimetic VASP mutants, >40 cells with comparable VASP expression were randomly selected and analyzed. Localization to lamellipodia was confirmed with ARP3-specific antibodies. Ratios of VASP-positive lamellipodia and cell circumference were determined using the ImageJ (National Institutes of Health) software.
Actin polymerization assay
His 6 -tagged wild-type and mutant VASP (VASP-AAA, -DAA, -ADA, -AAE, -DDA, -DAE, -ADE, and -DDE) was expressed in E. coli and purified as described (Bachmann et al., 1999) . Proteins were quantified from Coomassie-blue-stained polyacrylamide gels by densitometric scans using bovine serum albumin (BSA) as standard (ImageJ version 1.34s). Actin polymerization assays were performed essentially as described (Harbeck et al., 2000) . Briefly, 1 M G-Actin (10% pyrenelabeled, cytoskeleton) in GA-buffer (5 mM Tris-HCl pH 8.0, 0.2 mM CaCl 2 , 0.2 mM ATP and 0.2 mM DTT) was mixed with or without 0.25 M purified recombinant wild-type or mutant VASP and 58 mM imidazole, 2 mM MgCl 2 and 15 mM KCl to initiate actin polymerization (all final concentrations). Increase in fluorescence, representing F-actin assembly, was recorded for 9 minutes with an excitation wavelength of 366 nm and an emission wavelength of 384 nm using a PerkinElmer Life Science LS50B fluorescence photometer and the time-drive protocol of the FL Winlab 2.00 software.
SRE transcriptional reporter assays
We utilized an SRF-based transactivation assay to quantify changes in ratio of cellular G-actin to F-actin (Geneste et al., 2002; Sotiropoulos et al., 1999) . HEK293 cells with low endogenous VASP and EVL expression were grown on six-well plates and transiently transfected using Rotifect (Roth, Karlsruhe, Germany). Each transfection mix (2 g total plasmid DNA) included cDNAs coding either VASP or EVL mutants (0.1 g), SRE reporter vector (0.5 g, SRE-P; Stratagene), 0.25 g Renilla luciferase transfection control vector (phRL-TK, Promega), and 1.15 g pcDNA3 vector without insert (Invitrogen). To address the effect of kinase-mediated VASP phosphorylation, partially arrested VASP mutants were co-transfected with cDNA coding for PKGI (wild-type or CI) or AMPK a1 subunits (wta, CAa, DNa). After 24 hours in serumfree medium, the cells were lysed and luciferase activity of the supernatant measured using the Dual Luciferase Reporter Assay System (Promega) with a luminometer (Lumat; Berthold Technologies, Bad Wildbad, Germany). Firefly luciferase activity was normalized to Renilla luciferase activity and expressed relative to mock (set to 0%) and AAA-VASP and A-EVL transfected cells (set to 100%), respectively. Renilla luciferase intensities did not significantly differ within cells expressing mutant VASP. To stimulate S157-VASP phosphorylation, transfected cells were incubated with 5 M forskolin for 5, 20, 40 and 80 minutes before lysis. Transfection efficiency was controlled by immunofluorescence microscopy with a vector coding for greenfluorescent protein (GFP). Immunofluorescence microscopy revealed that more than 60% of HEK293 cells stained positive for GFP after 24 hours of expression. SRE transcriptional reporter assays with Mena mutants were performed accordingly in CHO-S cells. For transfection, Lipofectamine 2000 (Invitrogen) and 0.2 g Mena plasmid were used. Firefly luciferase activity was normalized to Renilla luciferase activity and expressed relative to mock (set to 0%) and AA-Mena transfected cells (set to 100%).
Quantification of cellular F-actin content by FACS analysis
HEK293 cells were transfected using Metafectene (Biontex Laboratories, Munich, Germany) with pcDNA3 vectors coding for arrested VASP mutants (AAA, AAE, DAA, ADA, DDA, DAE, ADE, DDE; 0.25 g each) or vector without insert (0.75 g; Invitrogen). After 24 hours of expression in DMEM with all supplements, including serum, cells were washed with ice-cold PBS, trypsinized with ice-cold trypsin/EDTA solution, and then transferred into ice-cold DMEM containing 10% FCS to stop the trypsin/EDTA reaction. Cells were washed twice with ice-cold PBS, fixed in 3.7% paraformaldehyde in PBS (5 minutes at 4°C), permeabilized with 0.1% Triton X-100 in PBS (5 minutes at 4°C), and then fixed again in 3.7% paraformaldehyde in PBS (5 minutes at 4°C). The cells were co-stained for F-actin using Alexa-Fluor-647-phalloidin (1:250); for myc-tagged AMPK a1 subunit using anti-myc antibody (1:250); or for 6ϫHis-tagged VASP mutants using anti-6ϫHis antibody (1:500) followed by FITC-conjugated anti-mouse antibody (1:500; Sigma). All incubations were performed in 5% goat serum in PBS in darkness at room temperature for 1 hour. The mean cellular F-actin content determined by phalloidin staining of overexpressing cells was quantified using FACScan (BD Biosciences) as previously described (Grosse et al., 2003) .
Statistical analysis
Results are expressed as mean ± s.d. Data sets were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's Multiple Comparison Test to determine statistical significance between groups (Prism 3.0, GraphPad Software). Degrees of statistical significance are defined as *P<0.05, **P<0.01 and ***P<0.001.
